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SUMMARY: 


GaAs/Ge  monolithic  tandem  two-junction  concentrators  are  being  developed  by 
optimizing  separate  one-junction  GaAs  and  Ge  cells  which  simulate  the  GaAs  top  cell  and 
Ge  bottom  cell  of  the  tandem.  Separation  allows  easier  analysis  of  the  tandem's  top  and 
bottom  cells  than  if  these  two  junctions  were  in  series. 


GaAs  top  cells  fabricated  in  Phase  1  had  a  (wafer  average)  100X  AMO  efficiency  of 
22.1%  at  80°C,  exceeding  the  Phase  1  goal  of  22%. 


G°  bottom  cells  studied  have  a  GaAs  optical  filter  (but  no  GaAs  junction)  to 
replicate  the  spectrum  the  Ge  cell  sees  when  incorporated  into  a  tandem.  Wafer  average 
Ge-under-GaAs  bottom  cell  efficiency  is  3.8%  at  80°C  100X  AMu,  again  exceeding  the 
Phase  1  goal  of  3%  We  found  further  evidence  that  the  900-1800  nm  response  seen  from 
the  Ge  bottom  cell  is  due  ^  a  p-n  junction  in  the  Ge,  end  "et  *»  G*?As/Ge  hcterojunction. 
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Tandem  cells  at  30X  AMO  and  80°C  had  efficiencies  of  about  20.2%,  versus  the 
Phase  1  goal  of  24%  at  100X  AMO.  We  could  not  achieve  the  required  concentration  of 
100X,  where  the  efficiency  may  have  been  better,  because  our  plastic  concentrating  optics 
absorbed  the  !R  light.  Small  off-axis  parabolic  mirrors  were  used  to  uniformly 
concentrate  the  light  spectrum.  Although  the  Ge  bottom  cell  exceeded  the  Phase  1  goal 
of  3%,  it  is  limiting  the  tandem  cell  efficiency  and  degrading  the  fill  factor  by  limiting  the 
tandem  cell  current.  Higher  Ge  bottom  cell  efficiencies  (about  the  7%  called  for  at  the 
end  of  Phase  2)  are  needed. 

1.0  INTRODUCTION 

GaAs/Ge  monolithic  tandem  cells  present  a  unique  blend  of  characterises 
desirable  for  high  efficiency  space  cells.  First,  the  bandgaps  of  GaAs  and  Ge  (1.42  and 
0.67  eV)  are  such  that  a  large  amount  (theoretically  36%)  of  the  power  in  the  solar 
spectrum  can  be  utilized  by  the  tandem. ^  Secondly,  the  theoretical  photocurrents 
generated  by  a  GaAs  cell  and  a  Ge-under-GaAs  cell  under  AMO  are  almost  matched, 
allowing  efficient  use  of  simpler  two-terminal  tandems.  Thirdly,  GaAs  and  Ge  technology 
are  relatively  well  developed.  GaAs  technology  is  widely  used  in  space  applications 
because  of  its  radiation-hardness  compared  to  silicon,  while  Ge  technology  was  developed 
during  the  infancy  of  semiconductors.  Finally,  Ge  substrates  have  many  desirable 
properties  for  tandem  cell  space  applications.^  Lattice  constants  and  thermal  expansion 
coefficients  of  Ge  and  GaAs  are  closely  matched,  allowing  problem-free  growth  of 
monolithic  tandems.  Ge  substrates  are  less  expensive,  better  thermal  conductors,  and 
stronger  mechanically  than  GaAs  substrates.  This  allows  the  use  of  thinner  and  lighter 
wafers,  a  critical  factor  in  one-sun  space  applications. 

These  desirable  properties  spurred  recent  efforts  to  develop  GaAs/Ge 
tandems/1-5^  However,  development  is  hampered  by  difficulties  in  measuring  tandem 
efficiency  accurately. Tandems  require  a  more  accurate  solar  simulator  spectrum 
than  one-junction  cells  need,  since  the  source  spectrum  determines  which  of  the  two 
junctions  limits  cell  efficiency.  Most  reliable  AMO  results  are  currently  from 
aircraft-flown  GaAs/Ge  cells. ^  Part  of  our  motivation  for  the  separation  of  the 
monolithic  two- junction  tandem  into  single- junction  GaAs  top  cells  and  single- junction  Ge 
bottom  cells  :  to  perform  accurate  measurements  with  current  test  equipment,  until  our 
t=>"dem  cell  test  equipment  is  HpvplnnoH  rvffirnltip?  ir.  ?x*r,3ctinp  top  and  bottom  cell 
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parameters  from  tandem  data  provide  the  remaining  motivation.  Analyzing  and 
optimizing  single- junction  top  and  bottom  cells  is  a  more  tractable  problem  than  analyzing 
a  tandem,  where  the  number  of  unknown  parameters  is  about  doubled  In  this  program  we 
are  utilizing  a  design  approach  illustrated  in  Figure  1. 


Develop  GaAs  Top  Cell 
( Single  Junction) 

— 

Develop  Ge  Bottom  Cell 
(Single  Junction) 

Optimize  Cell  Doping,  Thickness  and 
Grid  Pattern 

Accurately  Test  Single  Junction  Celle 

with  GaAs  Optical  Filter 

Optimize  Substrate  Doping  and 
Anti-Reflection  Coat  Design 
Accurately  Test  Single  Junction  Cells 

\ 

7 - 

Incorporate  Optimized  Top  and 
Bottom  Celia  Into  Tandem  Cells 


Alter  Tandem  Cell  Design  to 
Compensate  for  Perturbations 


Input  N«w  Perturbations  on  CsM 
Design  when  MonoSthtc: 

1.  Jsc  Current  MJsmstch  of 
Top  end  Bottom  CeNs. 

2.  Tandem  Cell  "Hamel  Junction 
Interconnect  Pertomwce 


Improved  Tandem  Concentrators 


FIGURE  1.  TANDEM  CELL  DEVELOPMENT  FLOW  DIAGRAM. 

2.0  DEVICE  STRUCTURES  AND  FABRICATION 

All  of  the  cell  structures  were  grown  by  metalorganic  chemical  vapor  deposition 

TM 

(MOCVD)  using  a  commercial  Spire  SPI-MO  CVD  450  atmospheric  pressure  epitaxial 
reactor.  Reactants  were  TMGa,  TMA1,  and  AsH^.  Dopants  were  SiH4  (N)  and  DMZn  (P). 
Growth  temperature  for  all  layers  was  740°C  except  for  the  GaAs  cap  (700°C).  The  V /III 
ratio  was  15:1.  Growth  rates  were  about  4  microns/hour. 
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Two-inch  Sb-doped  n-type  Ge  substrates  from  Eagle-Picher,  Hobokenand  Cominco 
were  used,  with  resistivities  from  18  to  50  milliohrn-cm.  All  Ge  wafers  were  about  450 
microns  thick.  Both  the  Hitachi  GaAs  and  the  Ge  wafers  used  were  oriented  2°  off  (100) 
to  aid  in  better  crystal  growth.  The  back  sides  of  the  Ge  substrates  were  coated  with 
GaAs  prior  to  growth  of  the  cells  in  Figure  2  to  prevent  any  possible  autodoping  effects. 
GaAs  caps  on  the  Ge  wafer  backsides  were  removed  after  growths 

Figure  2a  illustrates  a  typical  Spire  tandem  cell,  while  Figures  2b  and  ?c  show  the 
GaAs  top  cell  and  Ge  bottom  cells  used  in  the  optimization  and  development.  Two 
different  structures  were  used  in  experiments  to  discern  whether  the  photoresponse  from 
the  bottom  cell  is  due  to  a  p-n  Ge  junction  or  a  GaAs/Ge  heterojunction,  which  is  a 
subject  of  current  research  debate.  This  experiment  is  discussed  in  Section  4,  but  the 
important  result  was  evidence  indicating  the  900-1800  nm  response  of  our  GaAs/Ge 
tandems  is  due  to  a  Ge  p-n  junction  and  not  a  heterojunction. 

This  p-n  junction  in  the  Ge  is  created  by  diffusion  of  Ga  and  As  into  the  Ge  during 
the  GaAs  cell  growth.  At  the  growth  temperature,  Ga  has  a  higher  solid  solubility  limit 
(5  x  10  /cm  )  than  As  (2  x  10  /cm  )/  ’  Also,  Ga  has  a  much  lower  diffusion  coefficient 
at  740°C  (about  10-14  cm2/s)  than  As  (about  5  x  10-12  cm“/s).^10^  Therefore,  the  p-type 
dopant  Ga  diffuses  into  the  Ge  a  shorter  distance  during  the  90  minute  growth, 
compensating  the  diffusing  As  from  the  GaAs  and  already  present  Sb  in  the  Ge  wafer,  both 
n-type  dopants.  The  result  is  a  shallow  p-n  Ge  junction  just  below  the  GaAs  epilayer. 

1/2 

The  theoretical  diffusion  length  for  the  Ga  in  Ge  using  the  abo’'e  numbers  is  (Dt) 

or  0.073  microns.  The  As  diffusion  length  is  1.6  microns  and  the  As  background  is  much 

greater  than  the  Sb  dopant  in  the  Ge  for  several  microns.  Assuming  a  constant  surface 

concentration  of  Ga  from  the  GaAs  at  the  GaAs/Ge  interface,  and  that  the  Ge  doping  is 

due  to  As  at  the  solid  solubility  limit,  the  junction  depth  calculated  from  a  complementary 

error  function  curve  is  0.1  micron.  Actual  junctions  depths  have  been  measured  for  700°C 

growths  by  spreading  resistance  measurements  (0.1  micron)  ^  and  for  740°C  growths  by 

electron  beam  induced  current  (EBIC)  (0.4  microns)/11^  This  rough  agreement  is  all  we 

believe  can  be  expected  since  the  diffusion  constants  at  the  Ge/GaAs  interface  are 

probably  somewhat  different  than  the  published  values.  Another  indication  of  the  Ge 

(15) 

junction  is  the  higher  Voc  of  our  GaAs/Ge  cells,  typically  1.2  volts/  ’  compared  to  about 
1  volt  for  typical  GaAs  cells. 
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b)  GaAs  Top  Cell 


c)  Ge  Bottom  Cell 


FIGURE  2.  EVOLUTION  OF  GaAs  TOP  CELL  (b)  AND  Ge-UNDER-GaAs  BOTTOM 
CELL  (c)  FROM  A  MONOLITHIC  TANDEM  CELL  (a). 
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Solar  cells  were  fabricated  as  follows.  First,  wafer  fronts  were  protected  with  a 

SiC>2  coat.  Wafer  backs  were  etched  for  several  microns  and  then  either  2500  angstroms 

AuGe/2500  angstroms  Au  (GaAs  top  cell  wafer)  or  1000  angstroms  Au/5000A  Ag  (Ge 

bottom  cell  wafers)  was  thermally  evaporated  on  the  backs.  Wafers  were  then  sintered  at 

450°C  for  5  min  (GaAs)  or  375°C  for  5  min  (Ge).  Next,  the  grid  pattern  was 

photolithographically  defined  on  the  fronts  using  an  image  reversal  process  to  obtain  a 

resist  profile  suitable  for  liftoff,  and  the  oxide  was  etched  in  the  grid,  'then  either 

400  angstroms  Cr/3  microns  Au  (GaAs  top  cell)  or  1000  angstroms  AuGe/3  microns  Ag  (N 

GaAs  on  Ge  bottom  cell,  Figure  2c)  or  500  angstroms  Cr/500  angstroms  Au/3  microns  Ag 

(P  GaAs  on  Ge  bottom  cell,  Figure  2c)  was  e-beam  evaporated  onto  the  fronts.  Excess 

metal  was  lifted  off  in  acetone,  and  then  the  contacts  were  sintered.  Next,  mesas  v  ere 

defined  photolithographically  around  the  cell,  developed,  and  etched.  The  oxide  and  the 

GaAs  cap  layer  between  the  front  grid  fingers  was  then  etched  away.  Fir  ally,  an  AR 

coating  of  500  angstroms  ZnS/1000  angstroms  MgF2  (GaAs  top  cells)  or  900  angstroms 

ZnS/1500  angstroms  MgF2  (Ge  bottom  cells)  was  thermally  evaporated.  One  of  the  Ge 

bottom  cell  runs  (*5209)  discusse  1  in  Section  4  received  the  wrong  AR  coating  and  so  has 

somewhat  lower  J  s  and  efficiencies  than  the  other  bottom  cells, 
sc 

3.0  GaAs  TOP  CELL 

GaAs  concentrator  cells  were  fabricated  which  are  the  most  efficient  reported  to 

date  at  AMi  5D  without  prismatic  covers  (28.7%  AM1.5D)  and  exceeding  the  Phase  1  goal 

at  22.1%  100X  AMU  average  at  80C  (24.5%  AMO  at  25C).  Figure  3  depicts  the  GaAs  top 

cell,  whose  cross-section  is  shown  in  Figure  2.  The  busbar  and  cell  junction  area  are 

coincident  squares  with  5  mm  sides.  The  cell  diameter  is  set  by  the  space  system 

2 

considerations  to  4  mm  (photoactive  area  0.126  cm  ).  Dopings  and  thicknesses  in  Figure  2 
are  similar  to  Spire's  standard  GaAs  high  efficiency  one-sun  cells.^1’5,12^  Two 
rectangular  patterns  in  the  upper  left  comer  by  each  cell  in  Figure  3  are  contact 
transmission  line  test  patterns.  Monitoring  these  structures  at  selected  steps  during  cell 
processing  allows  measurement  of  GaAs  cap  sheet  resistance,  contact  resistivity  and  GaAs 
emitter  sheet  resistance  across  the  wafer.  Each  cell  also  has  a  small  diode  visible  at  its 
upper  right  in  Figure  3  for  CV  measurement  of  the  GaAs  base  doping. 
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FIGURE  3. 


GaAs  TOP  CELL  CONCENTRATOR.  Busbar  and  junction  ae  coincident 
squares  5  nun  on  a  side.  Photoactive  area  is  0.126  cm~  (1  mm  diameter). 
Shadow  is  4.6%. 

Best  cell  efficiencies  measured  by  Samba  National  Laboratories  are  show  in 

Figure  4.  It  was  assumed  in  setting  the  concentration  ratio  that  the  short- circuit  current 

density  (I  )  was  linear  with  intensity,  which  is  valid  for  most  high  -efficiency  GaAs  cells, 
sc 

The  one-sun  AMl.SD  )  's  were  measured  with  a  Sj  reference  cell  using  a  spectral 

SC 

mismatch  correction.  The  AMU  25°C  I  was  measured  with  a  GaAs  reference  ceil.  The 

sc 

AMO  80C  )  was  calculated  using  temperature  coefficient.-,  measumri  cy  the  Solar  Energy 

SC 

Research  Institute  on  similar  cells.  Sandia  measuj ed  a  higher  one -sun  AM1.5D  1  than 
Spire  (see  Table  1),  and  therefore  a  higher  efficiency  at  AM1.5D.  However,  AMO 
measurements  are  in  good  agreement.  Since  Sandia  serves  as  the  U  S.  national  standards 
lab  for  concentrator  measurements,  we  are  emphasizing  their  measurements.  However, 
we  will  discuss  the  discrepancy. 


FIGURE  4.  SOLAR  EFFICIENCY  OF  BEST  SPIRE  GaAs  CELL  AS  MEASURED  BY 
SANDIA. 


TABLE  1.  COMPARISON  OF  MEASURED  GaAs  TOP  CELL  ONE-SUN  lsc 
(mA/cm2). 


Spire 

Sandia 

Spectrum 

Cell 

# 

Simulator 

Spectral 

Response 

Simulator 

Spectral 

Response 

AMO 

10 

37.92 

33.22 

33. bi 

33.42 

AM1.5D 

10 

25.72 

26.79 

28.75 

26.16 

Sandia  used  a  NASA-calibrated  Si  reference  cell  to  set  the  intensity  of  a  Spectrolab 

XT-10  simulator.  A  spectral  mismatch  correction  of  0.977  gives  "  one-sun  J  of 
2  sc 

28.75  mA/cm  .  Spire  used  a  J  PL-calibrated  Si  reference  and  a  Spectrolab  X-25  simulator 

2 

with  a  spectral  mismatch  of  1.035,  giving  a  one-sun  J  of  25.72  mA/cm  .  The  12% 

SC 

difference  is  much  larger  than  expected  from  reference  cell  calibration  errors. 

Convolving  the  absolute  spectral  response  curves  measured  by  Sandia  and  Spire  with  the 

(13)  2 

reference  AMI. 5  direct  spectrum'  ’  gave  J  ,'s  of  26.16  and  26.79  mA/cm  ,  respectively, 
intermediate  between  the  simulator  values.  It  is  therefore  not  clear  which  is  the  true 
efficiency  under  AMI  5  conditions.  However,  Sandia 's  reference  cell  has  been  used  to 
measure  other  high-efficiency  concentrator  cells, and  so  shjuld  give  a  good  relative 
comparison  to  those  results.  Sandia  also  finds  that  its  calibration  agrees  with  outdoor 
efficiency  measurements  in  Albuquerque,  NM. 

-  8  - 


Since  the  cells  had  such  high  efficiencies,  we  will  discuss  the  grid  design  briefly. 
Grid  finger  width,  number  of  current-sharing  rings,  and  the  finger  reduction  factor 
between  zones  are  set  tc  convenient  neai-cotimum  values.  All  grid  lines  are  3  microns 
wide,  our  current  photolithographic  limit.  The  number  oi  current -sharing  rings  is  set  to 
three/1^  The  number  of  grid  fingers  is  doubled  moving  from  an  inner  to  an  outer  zone 
(the  optimum  factor^17-*  is  about  1.7).  Ring  radii  are  set  by  letting  the  difference  between 
ring  radii  double.  The  innermost  ring  radius  is  285  microns;  the  middle  ring  is  at  3  x  285 
microns.  The  last  ring  at  7  x  285  microns  coincides  with  the  circular  inner  rim  of  the  cell 
busbar.  Wi*’i  these  parameters  fixed,  the  number  of  grid  fingers  in  the  outermost  zone  is 
numerically  optimized  assuming  uniform  100X  AMO  illumination.  The  optimum  was  66, 
.  ut  72  fingers  were  used  because  of  mask  lay-out  considerations.  This  change  makes  little 
difference,  as  Figure  5  indicates.  Theoretical  total  loss  from  shadow,  grid  metal 
resistance,  and  emitter  sheet  resistance  is  about  6.8%.  Computation  of  these  losses  is 
roughly  similar  in  outline  to  Basore.^16^  Grid  design  parameters  and  formulae  are  in 
Table  2. 


*  of  Grid  Fingers  in  Outermost  Zone 


FIGURE  5.  TOTAL  THEORETICAL  LOSS  FROM  SHADOW,  GRID  METAL 
RESISTANCE,  AND  EMITTER  SHEET  RESISTANCE  AS  A  FUNCTION  OF 
NUMBER  OF  FINGERS  IN  OUTERMOST  RING  OF  OaAs  CONCENTRATOR. 
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TABLE  2.  GRID  OPTIMIZATION  PARAMETERS  AND  FORMULAE 


PARAMETERS 


vmax 

1.05 

V 

Voltage  at  maximum  power  point 

Q 

3.4 

A/cm2 

100X  AMO  Photogenerated  carrier  density 

w 

3 

urn 

Metal  grid  finger  width 

Additional  shadow 

t  6 

2 

um 

t 

3 

um 

Metal  grid  finger  width 

d 

285 

um 

Innermost  ring  radius:  Middle  ring  at  3d:  7d  -  cell 
radius 

T 

0.5 

um 

Thickness  of  P  GaAs  emitter  layer 

Re 

0.015 

ohm -cm 

Sheet  resistivity  of  P  GaAs  emitter 

Rm 

3xl0"6 

ohm -cm 

Sheet  resistivity  of  Au  grid  metal 

OPTIMIZED  VARIABLE  IS  NUMBER  OF  GRID  FINGERS  (N) 


Optimum  N  is  66  N  grid  fingers  in  outermost  zone 

N  used  was  72  N/2  fingers  in  middle  zone 

N/4  fingers  in  innermost  zone 


Available  Power  (Pava); 

VQ  7T  (7d)2  -  446  mW 

Rloss 

Rloss^ava 

Shadow  Loss: 

VQ  (w  +<5)d  (8*  +  5.25  N) 

20.5  mW 

4.6% 

Grid  Loss: 

33656  (Rm  Qz  d5)/N  w  t) 
13715  (Re  Q^d4)/(N2T) 

3.4  mW 

0.8% 

Emitter  Loss: 

6.1  mW 

1.4% 

Total  loss  (100X  AMO):  6.8% 


4.0  Ge-UNDER-GaAs  BOTTOM  CELLS 

In  this  section,  we  will  first  describe  two  experiments  to  determine  whether  the 
long-wavelength  photoresponse  seen  trcm  the  Ge  bottom  cell  is  due  to  a  p-n  junction  in 
the  Ge  or  a  heterojunction  at  the  GaAs/Ge  interface.  Then  we  will  describe  average  100X 
AMO  cell  data  from  Ge  cells  under  heavily-doped  P  GaAs  identical  in  appearance  to  the 
top  cell  in  Figure  3.  The  cross-sections  for  these  cells  are  given  in  Figure  2c.  These  cells 
mimic  the  bottom  cell  of  a  tandem,  as  explained  in  Section  1.  We  found  evidence  that  a 
Ge  junction  is  formed  when  a  GaAs  layer  is  grown  on  the  Ge,  as  discussed  in  Section  2. 


One  question  thaT  arises  in  analyzing  the  behavior  of  the  bottom  cell  of  the  tandem 

is  whether  a  p-n  junction  in  the  n-type  Ge  substrate  causes  the  photoresponse  seen  at  long 

wavelengths,  or  whether  this  response  is  due  to  a  heterojunction  at  the  GaAs/Geinterface. 

Most  early  work  on  GaAs/Ge  interfaces  assumed  that  observed  rectification  was  due  solely 

to  a  heterojunction.  If,  as  is  quite  likely,  Ga  and  As  from  the  GaAs  diffuse  into  Ge  during 

growth,  there  is  a  possibility  of  p-n  Ge  junction  formation  since  Ga  is  a  p-dopant  and  As  is 

(19) 

an  n-dopant  in  Ge.  For  example,  in  the  pioneering  GaAs/Ge  paper  by  Anderson,1  ;  all 

effects  are  attributed  to  hetero junctions,  even  though  Ga  and  As  diffusion  is  likely  at 

typical  Ge  growth  temperatures  (7 00°C).  Because  Anderson's  growth  conditions  (Ge  was 

grown  on  GaAs,  not  GaAs  on  Ge)  and  surfaces  are  unlike  those  in  this  and  similar 
(15) 

work,  ’  ;  we  suggest  comparisons  are  of  limited  use  since  heterojunction  characteristics 
depend  greatly  on  the  interface  states,  which  are  almost  certainly  different.  However, 
from  the  comparison  of  (P)GaAs/Ge  and  (N)GaAs/Ge  cells  discussed  below  and  previous 
spreading  resistance  and  EBIC  measurements^1’11^  indicating  a  p-n  junction  in  the  Ge,  we 
believe  that  in  our  present  process  a  Ge  p-n  junction  is  mainly  responsible  for  rectifying 
effects  and  photovoltage. 

To  help  resolve  this  issue,  we  decided  to  compare  results  from  N  GaAs  on  Ge  with  P 
GaAs  on  Ge.  There  are  two  possibilities  for  the  heterojunction  theory.  If  Ga  diffusion  into 
Ge  from  the  GaAs  growth  creates  p-Ge  near  the  surface  through  compensation,  the  N-p 
anisotype  heterojunction  of  the  N  GaAs/Ge  cells  should  presumably  have  a  higher  barrier 
height  than  the  P-p  isotype  heterojunction  of  the  P  GaAs/Ge  cells.  The  I-V  curves  and 
photoresponse  should  then  be  markedly  different.  The  second  possibility,  which  we  feel  is 
unlikely,  is  if  the  Ga  diffusion  into  Ge  is  either  electrically  inactive  or  insufficient  to 
compensate  the  n  Ge.  However,  even  in  this  case,  the  N-n  isotype  heterojunction  of  the  N 
GaAs/Ge  cells  and  the  P-n  anisotype  heterojunction  of  the  P  GaAs/Ge  cells  should  again 
have  different  IV  curves  and  photoresponse. 

In  the  p-n  junction  theory,  which  we  strongly  support,  if  a  p-n  Ge  junction  is 
dominant,  the  I-Vs  and  photoresponse  should  be  similar  for  both  the  P  and  N  GaAs-on-Ge 
cells.  The  Ge  junction  formation  depends  on  diffusing  Ga  and  As,  but  not  on  the  GaAs 
dopant  atoms,  whose  concentrations  are  four  orders  of  magnitude  less  than  the  Ga  and  As 
atoms  from  the  GaAs.  The  theory  of  the  Ge  p-n  junction  formation  has  already  been 
described  in  Section  2.  The  p-n  junction  theory  requires  an  ohmic  interface  between  the  N 
GaAs  and  p  Ge.  We  believe  a  tunnel  junction  occurs  since  the  N  GaAs  is  heavily 
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18  3 

doped  (2  x  10  /cm  )  in  excess  of  the  effective  density-of-slates  of  N  GaAs  (4.7  x 

17  3  20  3 

10  /cm  ),  as  is  the  p  Ge  (about  10  /cm  )  above  its  effective  density-of-states 

19  3 

(10  /cm  ),  so  that  both  are  degeneratively  doped,  while  the  heavy  doping  on  both  sides  of 
the  interface  cause  a  small  depletion  region,  the  necessary  conditions  for  tunneling.  Other 
groups  have  extensively  characterized  similar  tunnel  junctions. ^20^ 

Note  that  GaAs/Ge  heterojunctions  exist  in  both  theories;  the  question  is  whether 
the  heterojunction  barrier  height  is  large  enough  to  affect  or  dominate  the  I-V  and 
photoresponse  of  thebottom  cell,  or  whether  a  Ge  p-n  junction  is  responsible. 

In  the  first  experiment,  heavily  doped  GaAs  P  (#5209-1599)  and  N  (#5209-1600) 
layers  (with  no  GaAs  p-n  junction)  were  grown  on  Eagle-Picher  n-type  Ge  substrates.  The 
GaAs  was  doped  as  heavily  as  was  possible  in  both  cases  to  minimize  any  front  contact 
effects.  The  one-sun  0.25  cm  cells  we  fabricated  from  these  wafers  received  a 
sub-optimal  AR  coating  of  about  670A  ZnS  and  930A  MgF_.  This  lowered  the  J  's  for 

c*  SC 

these  cells  compared  to  the  concentrator  cells  reported  later  in  this  section.  However,  the 
inferior  AR  coating  was  applied  to  both  cell  wafers  in  the  experiment  and  does  not 
influence  the  question  of  whether  a  heterojunction  or  a  p-n  junction  is  responsible  for 
photodetection.  I-V  traces  of  the  two  cell  types  are  shown  in  Figure  6a  (P  GaAs  on  Ge) 
and  Figure  6b  (N  GaAs  on  Ge).  Both  show  a  built-in  voltage  of  about  250  mV,  consistent 
with  Ge  junctions,  and  a  low  soft  breakdown  in  the  reverse  direction  of  about  300  mV,  also 
consistent  with  heavily  doped  junctions.  The  I-V  curves  for  both  of  the  structures  from 
Figure  2c  depicted  in  Figure  6  are  nearly  identical.  Cell  efficiency  data  were  taken  with  a 
Spectrolab  X-25  simulator  and  a  SERI-calibrated  reference  cell  from  the  same  process  lot 
(Table  3).  Typical  quantum  efficiency  curves  for  the  two  cell  types  are  shown  in 
Figures  7a  (P  GaAs  on  Ge)  and  7b  (N  GaAs  on  Ge),  along  with  the  J  's  from  the 
integrated  quantum  efficiency. 

The  IVs  and  cell  characteristics  are  quite  similar  for  the  P  GaAs  on  Ge  and  the  N 
GaAs  on  Ge  cells,  which  would  be  expected  if  a  p-n  Ge  junction  was  responsible  for 
photodetection,  but  not  if  a  heterojunction  was  dominant.  There  is  a  11% 

higher  *sc  for 

the  N  GaAs  on  Ge  cell.  This  difference  is  mostly  due  to  the  better  red  response  in 
Figure  7  of  the  N  GaAs  on  Ge  cell,  which  we  attribute  to  free  carrier  absorption  in  the 
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FIGURE  6.  I-V  CURVES.  Origin  at  center.  Uppermost  curve  is  dark  IV,  lower  curves 
with  varying  amounts  of  light  from  a  microscope  illuminator,  (a)  I-V  curve 
of  P  GaAs  on  Ge  structure;  (b)  I-V  curve  of  N  GaAs  on  Ge  structure. 


TABLE  3.  AVERAGE  ONE-SIJN  AMO  P  AND  N  GaAs  ON  Ge  DATA. 


Wafer 

^oc 

(V) 

Jsc  „ 
(mA/'cm^) 

Fill  r  actor 
% 

Efficiency 

% 

P  GaAs  on  n  Ge 
5209-1599AR  (6  cells) 

0.214 

19.29 

56.6 

1.71 

N  GaAs  on  n  Ge 

5209-1600AR  (4  cells) 

0.205 

21.42 

48.4 

1.55 

Ref:  AMO  137.2mW/cm 

25°C 
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FIGURE  7.  QUANTUM  EFFICIENCY  DATA.  Jsc’s  obtained  by  integrating  quantum 
efficiency  curve  with  AMO  spectrum,  (a)  (P)GaAs  on  Ge  structure;  (b) 
(N)GaAs  on  Ge  structure.  AR-coating  is  not  optimum  for  cells. 


heavily  doped  P  GaAs.  The  doping  is  20X  higher  in  the  P  GaAs  than  the  N  GaAs.  The 

absorption  coefficient  for  N  GaAs  below  bandgap  varies  with  photon  energy,  but  for  a  good 

18  3 

part  of  the  spectrum  is  about  10/cm  for  2  x  10  /cm  N  GaAs  and  300/cm  for 
19  3  (ifll 

5  x  10  /cm  P  GaAs.1  ’  About  17%  fewer  photons  are  available  after  traversing  6 
microns  of  the  P  GaAs  than  exist  after  6  microns  of  the  N  GaAs.  Because  of  the 
similarities  in  the  I-V  curves  and  photoresponse  of  the  P  and  N  GaAs-on-Ge  cells,  we 
believe  the  response  from  the  bottom  cell  must  be  due  to  a  p-n  junction  in  the  Ge,  and  not 
to  a  heterojunction,  which  should  have  given  different  results  for  the  two  different 
structures.  This  agrees  with  our  previous  spreading  resistance  and  cross-sectional  EBIC 
measurements  indicating  the  presence  of  a  Ge  p-n  junction/1,5,11^  We  would  like  to 
emphasize  that  the  characteristics  of  the  p-n  junction  are  sensitive  to  the  conditions  of 

(2i) 

the  GaAs  growth.  There  have  been  reports'  ’  of  MOCVD  growth  temperatures  being 
lowered  during  the  GaAs  growth  on  Ge  in  order  to  make  the  bottom  cell  inactive;  this  is 
predictable  in  the  p-n  junction  theory  since  no  significant  Ga  diffusion  would  occur  at  low 
temperatures. 
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In  a  second  experiment,  GaAs  was  selectively  etched  off  of  one  Ge  wafer  with  a 
room  temperature  1%  Br  in  methanol  etch  (etch  rate  of  1  micron/min  at  28°C).  This  etch 
of  the  GaAs  removes  any  possibility  of  a  GaAs/Ge  heterojunction.  We  experimentally 
confirmed  that  this  etch  does  not  attack  Ge,  and  etched  long  enough  (15  min)  to  remove 
all  possible  GaAs  residue.  The  removed  of  the  GaAs  layers  is  easily  visible  as  there  is  a 
color  difference  between  Ge  and  GaAs.  Concentrator  cells  were  fabricated  and  tested  in 
the  same  manner  as  those  described  in  the  third  experiment  below.  As  expected,  these 
cells  still  have  photoresponse,  which  can  now  only  be  due  to  a  Ge  p-n  junction  since  no 
GaAs  remains.  A  quantum  efficiency  of  an  AR  coated  Ge  cell  is  shown  in  Figure  8.  The  dip 
at  500  nm  is  due  to  reflectance.  The  complete  removal  of  the  GaAs  was  confirmed  by 
Auger  analysis.  Within  its  detection  limits  of  about  3  atomic  percent,  no  As  or  Ga  was 
detected.  Also  as  expected,  these  cells  have  a  higher  efficiency  and  J  than 
Ge-under-GaAs  cells  since  the  Ge  junction  is  now  not  filtered  by  the  GaAs.  Tne  response 
of  these  cells  is  reported  in  Table  4.  Since  removal  of  the  GaAs  should  remove  any 
possibility  of  a  he tero junction,  this  experiment  provides  definitive  proof  that  the 
photoresponse  of  the  bottom  cell  is  not  from  a  heterojunction. 


TABLE  4.  AVERAGE  100X  AMO  Ge-UNDER-GaAs  BOTTOM  CELL  DATA. 


Wafer 

voc 

(V) 

Jsc  7 
(mA/cm^) 

Fill 

% 

Efficiency 

% 

Number 

Tested 

P  GaAs  on  Ge 
Vendor  1 

2.6  x  1017/cm3 

0.318 

2843.8 

62.3 

4.12 

17 

P  GaAs  on  Ge 
Vendor  2 

6  x  1016/cm3 

0.316 

2688.8 

59.6 

3.67 

11 

P  GaAs  on  Ge 
Vendor  3 

3.3  x  1017/cm3 

0.315 

2853.1 

59.1 

3.88 

10 

No  GaAs  on  Ge 
Vendor  1 

2.6  x  1017/cm3 

0.311 

4389.2 

59.1 

5.84 

4 

Ref:  AMO  137.2mW/cm2 
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In  a  third  experiment,  P  GaAs  was  grown  on  Ge  substrates  from  several  vendors, 
and  concentrator  cells  (#5224)  were  made.  We  wished  to  see  how  substrates  from  different 
vendors  (and  therefore  presumably  with  different  minority  carrier  lifetimes)  affect  the 
lifetime  and  diffusion  lengths  of  these  carriers,  and  therefore  the  bottom  cell  efficiency. 
The  P  GaAs  on  Ge  structure  was  selected  for  this  experiment  to  avoid  any  tunnel 
resistance  effects  from  N  GaAs/p  Ge  junctions.  The  AR  coating  of  900A  ZnS  and  1500A 
MgF2  was  designed  to  maximize  the  photocurrent  from  the  Ge  cell  and  match 
photocurrents  from  the  top  and  bottom  cells  of  a  tandem.  Another  difference  from  the 
one-sun  #5209  cells  in  Table  3  was  that  most  of  the  p-GaAs  layer  was  doped  to 
5x10  /cm  to  reduce  free-carrier  absorption,  with  thin  heavily  doped  layers  at  the  front 
surface  and  Ge  interface  to  assure  low-resistance  contacts. 

Results  from  testing  with  a  SERI-c«librated  GaAs/Ge  reference  and  a  Spectrolab 

X-25  simulator  are  in  Table  4.  The  test  block  temperature  was  25°C,  but  the  cell  surface 

was  probably  10-13°C  hotter  at  concentration.  The  simulator  intensity  was  set  so  that 

the  one-sun  current  from  the  GaAs/Ge  reference  cell  matched  its  AMO  value.  The 

concentrators  were  then  measured  at  one-sun,  and  the  simulator  intensity  was  increased 

with  a  Fresnel  lens  to  achieve  100X  the  one-sun  J  .  The  1  was  assumed  to  be  linear 

sc  sc 

with  light  intensity.  The  best  P  GaAs  on  Ge  cells  were  4.6%  efficient  at  100X  AMO. 

One-sun  J  s  obtained  by  integrating  the  quantum  efficiency  with  the  AMO  spectrum 

range  from  26.1  to  31.0  mA/cin  for  the  (P)GaAs/Ge  concentrators,  and  from  37.4  to 
2 

41.9  mA/cm  for  the  Ge  concentrators  without  GaAs,  in  reasonable  agreement  with  the 

simulator-measured  J _ '  s. 

sc 

As  shown  in  Table  4,  there  is  a  small  difference  in  efficiency  among  different  Ge 
substrate  vendors,  which  may  be  due  either  to  material  quality  or  differences  in  doping. 
Within  several  microns  of  the  Ge  p-n  junction,  the  n  type  base  doping  is  dominated  by  As 
diffusing  from  the  GaAs  and  substrate  doping  is  small  compared  to  the  diffused  As,  so  the 
substrate  doping  plays  little  part  in  the  area  adjacent  to  the  Ge  p-n  junction.  However, 
the  absorption  length  of  1550-1850  nm  light  in  Ge  is  fairly  long,  10  to  500  microns,  so  that 
most  of  the  photons  should  be  absorbed  away  from  the  As  diffusion  tail  caused  during 
GaAs  growth.  This  tail  is  harmful  since  it  creates  a  potential  gradient  which  pushes 
minority  carriers  away  from  the  junction.  Photogenerated  electron-hole  pairs  from  longer 
wavelength  photons  must  diffuse  back  to  the  junction  against  this  tail  in  order  to  be 
collected.  Their  success  in  accomplishing  this  is  related  to  their  lifetime,  which  depends 
on  the  substrate  doping  and  quality. 
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A  quantum  efficiency  from  one  of  these  concentrators  (#5224-7-14B)  is  shown  in 
Figure  8.  The  tail  extending  from  300  to  850  nm  in  the  plot  was  unexpected  but  is  real. 
Almost  all  the  photons  in  this  spectral  range  are  absorbed  in  the  GaAs.  One  possible  theory 
is  that  some  of  the  carriers  generated  in  the  GaAs  are  able  to  diffuse  through  the  6  micron 
GaAs  and  be  collected  in  the  Ge  junction.  The  GaAs  in  these  #5224  concentrator  cells 
were  more  lightly  doped  than  in  the  #5209  one-sun  cells  of  Figure  8.  (5x10  /cm  vs. 
SxlO^/cm^). 


This  report  is  substantially  the  same  as  the  work  reported  in  reference  22. 
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